Adverse effects of dust accumulation on spacecraft and rover surfaces hinder the functioning of equipment on Mars and consequently limit mission duration. Hence, dust is an important parameter in the design, development, and testing of equipment for Mars surface missions. A review of Martian dust composition, transport, deposition, adhesion, and removal is presented. Martian dust has consistent average chemical and mineralogical composition over the entire planet. Sources of dust transport and deposition on the surface of Mars include ordinary atmospheric settling, dust storms, dust devils, near surface saltation, and artificial human/robotic disturbance of the regolith. Mechanisms of dust adhesion include chemical bonding, cementation, ice bridges, capillary forces, van der Waals forces, and electrostatic forces. There are a number of different methods to cause particle removal including vibration, centrifuge, impact, electrostatic repulsion, liquid or air flow, thermophoresis, and direct manipulation using a mechanical device. This paper presents a summary of what is known about Martian dust and its removal to date.
Introduction
During Mars exploration, dust particles have and will accumulate on spacecraft and rover surfaces causing obscuration of camera viewports, inefficiency of solar panels, and insulation of thermal radiators. Dust particles can clog filters and abrasively degrade mechanical equipment. Impact, deposition, and rebound of dust particles on equipment surfaces, including metallic, insulator and semi-insulator surfaces, may create triboelectric fields large enough to damage integrated circuits and other electrical devices. Continued study of the composition of Martian dust, dust transport processes, and mechanisms by which surfaces attract dust is an important part of Mars mission programming. Dust removal and/or avoidance technologies must be developed before complex activities such as long range roving, in situ resource utilization, and human habitation can be undertaken in the exploration of Mars.
Composition
The chemical composition of the Martian dust varies as much within a few meters as it does between the Viking and Pathfinder landing sites. This fact combined with global dust storm occurrences, indicates that Martian dust has constant average composition over the entire planet. Despite agreement on a homogenous dust unit, there exists some debate as to its composition. The material is likely from a mafic igneous source (Clark, et al., 1982) . The Viking model for the Mars surface deposits consists of a mixture of iron rich clays, palagonite, and nanophase hematite. Aqueous weathering of SNC meteorites produces such an iron rich clay-like material (Gooding, 1991) . Disc shaped particles with an aspect ratio of 1/10 explain dust settling rates after storms (Banin, 1989) . Other atmospheric settling models indicate that oblate disks with aspect ratios of 1/4 also work well (Pitman, 2000) . The best model for atmosphere-borne dust from Viking imagery is fine-grained magnetite based on refractive index. The Magnetic Properties Experiments on Pathfinder indicated that the dust is not pure hematite or magnetite. Rather, the results suggested that the dust is a composite material such as silicate mixed with a few percent of magnetic material. A preferred model is a smectite clay with nanophase maghemite or an iron-titanium spinal (Madsen, et al., 1999) . Pathfinder APXS and IMP measurements do not match solutions based on alterations of SNC meteorites. Rather the measurements are indicative of a palagonitic altered Martian basalt rock plus minor locally derived andesitic rock fragments and nanophase geothite, akaganeite, schwermannite, and maghemite. (Bell, III, et al., 2000) . A summary of Martian dust properties is contained in Table 1 . All tables are located at the end of the document for convenience.
Transport and Deposition
Sources of dust transport and deposition on the surface of Mars include ordinary atmospheric settling, dust storms, dust devils, near surface saltation, and artificial human/robotic disturbance of the soil. Atmospheric settling is caused by a combination of gravity, vertical eddy mixing, and ice crystal nucleation. A fairly steady rate of dust deposition on the solar panels equal to 0.3% per day was measured during the first 25 sols of the Pathfinder mission (Landis and Jenkins, 1997) . The density of dust in the atmosphere is approximately equal to 1.5x10 6 times the optical depth (Landis, 1996) . The optical depth of the atmosphere in the vicinity of the rover during these measurements was approximately 0.5, which is typical of calm, steady-state conditions at the landing site. Steady state dust opacity is a function of latitude and ground surface elevation (Clancy, et al., 1991) .
Planet encompassing dust storms are expected about every 3 to 30 years and can result in an optical depth of approximately 3 to 4 as measured by Mariner 9 (Gierasch and Goody, 1973 ). In addition, approximately 100 local dust storms occur annually on Mars. The majority of dust storms occur during the season surrounding the Southern Summer Solstice at perihelion (Appelbaum, et al., 1993) . The amount of dust loading during a Martian dust devil has been estimated to be 700 times that of ambient background dust levels.
Saltation occurs most prevalently for particles or agglomerates between 50 and 150 µm diameter at wind velocities over 15 m/s. The saltating boundary layer is expected to extend to 10 or 20 cm above the ground surface. Sand dunes and other geologic evidence indicates that aeolian processes are predominant in Mars geomorphology, however wind velocities conducive to saltation have not been measured during previous missions (Sullivan, et al., 2000) . It has been suggested that dust agglomeration due to triboelectric charging may result in a reduction in the saltation wind velocity threshold (Leach, 1991) . Saltation is also expected during annual local dust storms when wind velocities up to 32 m/s can be reached (Gaier, et al., 1990) . A summary of dust transport processes is contained in Table 2 .
Adhesion
The mechanisms of dust adhesion include a.) covalent bonding, b.) hydrogen bonding, c.) cementation, d.) ice bridges, e.) capillary forces, f.) van der Waals forces, and g.) electrostatic forces. Covalent bonding of dust particles, also called "sintering" or cold welding, has been observed in ultrahigh vacuum under certain conditions, however it is not anticipated to have a significant role in Martian dust adhesion. Hydrogen bonding is type of Lewis acid-Lewis base reaction and generally obeys "Bruyne's Rule" (Zimon, 1969) which indicates that adhesion is strongest for particles on Lewis-base surfaces. Particle cementation by dissolution of dissolved substances may be an important factor in the cohesion of ancient deposits on Mars, but it is expected to be of minor consequence in the adhesion of Martian dust to spacecraft surfaces.
Capillary forces generally govern adhesion in the presence of vapor when the surface energy of the condensed vapor is greater than the surface energy of the solid. However, in the cold Martian environment, condensed vapors likely form cylindrical ice bridges between particles and surfaces. The strength of even very small ice bridges is considerable. It may take as much as 200 minutes to develop these ice bridges (Ratle, et al., 1991) . Few studies have been conducted to quantify the effect of ice bridges on the adhesion of dust particles in the Martian environment.
Van der Waals forces are due to sub-molecular alternating electromagnetic fields. These forces are always present and are always attractive for solids separated by vacuum or gases. A model for predicting the van der Waals cohesion between lunar soil particles in ultrahigh vacuum was developed by Perko, Nelson, and Sadeh (2001) . This method was extended to describe the adhesion of dust particles in different planetary environments by Perko (1998) . The model indicates that van der Waals adhesion forces range from about 5 to 150 nN for martian dust. Larger-diameter dust particles, those deposited by saltation or by disturbance of the regolith, can be separated from surfaces by an acceleration of approximately 75 g. Whereas, removal of smaller atmosphere-borne particles requires an acceleration of up to 20,000 g due to their minuscule mass. It is suspected that multi-layers or clumps of dust can be removed at lower accelerations, because van der Waals cohesion tends to be stronger than van der Waals adhesion.
Van der Waals forces between particles are reduced by surface roughness. Especially for larger particles, electrostatic charge can be the dominant factor in adhesion. The environment of Mars is conducive to the buildup of electrostatic charge on particles. Processes that produce electrostatic charge include a.) ion implantation, b.) photoionization, c.) triboelectric charging, and d.) isomorphic substitution.
The surface of Mars is subject to intense solar and intersteller winds which contain a flux of charged hydrogen atoms, electrons, and other ions. Dust can obtain electrostatic charge due to ion implantation. Total electrostatic potential of 20 -40 V was expected for lunar soils due to pre-Apollo experiments (Johnson and Greiner, 1965) . Photoionization is the release of electrons from the surface of a solid due to illumination by electromagnetic radiation. Photoionization occurs when photons have an energy greater than the work function of a surface. Work function is the energy required to remove an electron from the surface and is on the order of the ionization energy of the solid. The rate of ionization depends on the intensity of the light. The maximum electric potential that can be generated due to photoionization of a silicate particle in contact with an isolated metallic surface is on the order of 14 V (Perko, 1999) .
Triboelectric charging is a combination of the effect of contact electrification and frictional charging. Contact electrification is the formation of an electric double-layer upon the pressing-on and tearing-off of particles from surfaces. Elastic energy is manifest into an electric charge when a particle rebounds from a surface. Frictional charging is the generation of electrostatic charge by the transfer of electrons between surfaces when rubbed together. Electrons move from a surface with low work function to a surface with higher work function generally in accordance with the triboelectric series. The triboelectric properties of particulate materials have been shown to be functions of the bulk mineralogical composition, condition of the surfaces (radiation damage, oxidation, ions, adsorbed substances, contamination, and impurities), particle size and shape, state of electrostatic charge prior to contact, relative velocity of particles, and environmental conditions such as temperature, pressure, atmospheric composition, and humidity (Zimon, 1969) . Sickafoose, et al. (2001) measured triboelectric charging of JSC Mars-1 dust falling through a pin hole in a box. The mean triboelectric charge was slightly positive. The maximum positive or negative charge acquired by a single dust particle was 52 x 10 4 elementary charges. Terrestrial dust storms can produce electric fields of 5-15 kV/m due to dust triboelectric charging. Laboratory experiments suggest that 5 kV/m electric fields may be produced in a dusty, turbulent Martian environment (Sentman, 1991) . The Wheel Abrasion Experiment on the Pathfinder Sojourner Rover indicated that considerable electrostatic charge accumulated on the rover wheels during traverses over Mars soils. Earth based tests in a simulated Mars environment resulted in a potential difference between the wheels and tracks of up to 300 V. Sojourner wheels always acquired a positive charge while tracks in a Mars soil simulant were negatively charged.
Maximum dust particle surface electrostatic charging is limited by Paschen discharge, charge spreading on the surface, and electric field build-up that prevents further charging (Poppe, Blum, and Henning, 2000) . Paschen discharge is the breakdown of gasses surrounding the particle and surface. Discharging is less in narrow gaps where the breakdown voltage is raised in accordance with the Paschen curve (Feng and Hays, 2000) . The minimum of the Paschen discharge curve for carbon dioxide occurs at Mars atmospheric pressure and is equal to 100 V (Ferguson, et al. 1999 ). Thus, electric fields greater than 100 V are subject to glow discharge (Leach, 1991) . According to the adhesion model by Perko (1998) , electrostatic charging to 100 V can cause dust adhesion forces as high as 1 N. The mineral strength of the particles themselves is only slightly higher than this. Hence, vibrational and mechanical dust removal techniques are not feasible in the case of these highly charged particles.
When the energy of gas adsorption is greater than the adhesion energy of the dust particle to a surface, the dust particle and surface will be separated by a layer of adsorbed gas. The thickness of adsorbed gas controls the spacing between a particle and a surface and is a function of the ambient environmental conditions. Thus, different planetary environments produce different thicknesses of adsorbed gas. This thickness governs particle-surface spacing and consequently all long range adhesion forces. The adhesion model by Perko (1998) accounts for the effect of adsorbed gas and suggests that dust adhesion in the Martian environment is higher that in Earth's environment but less than the adhesion that was observed on the Moon.
Calculations for uniformly charged dust particles arranged in a monolayer indicate that electric fields from neighboring particles may increase adhesion by a factor of 5 or greater. However, centrifugal experiments by Mizes, et al. (2000) show that the adhesion of particles is independent of the number of neighboring particles. The degree of particle coverage used by Mizes was limited to 40% of a monolayer.
Particle Removal
There are three modes of particle removal including lift-off, sliding, and rolling. Methods to remove particles include vibration, centrifuge, impact, electrostatic repulsion, liquid or air flow, thermophoresis, and direct mechanical manipulation. A summary of dust removal technologies is shown in Table 3 .
In most practical instances, electrostatic repulsion requires electromagnetic fields that are larger than the Pashen breakdown curves in Mars atmosphere and, therefore, are impractical (Khilrani, 1988) . However, Mizes, et al. (2000) successfully used electrostatic fields to remove charged dust particles in laboratory experiments. Electrets, plastics with up to 1,000 V semi-permanent electrostatic fields, have been used in the semiconductor industry to attract dust with a dipole moment so as to avoid contamination of nearby uncharged surfaces (Hoenig, 1988) .
Particle detachment due to liquid or air flow is accomplished by a combination of hydrodynamic drag and lift. The velocity of flow required to induce particle suspension is termed the entrainment threshold. Ziskind, Fichman, and Gutfinger (1997) studied dust particle detachment in turbulent air and water and found that the entrainment threshold is a function of flow field, particle size, and the force of adhesion. They also calculated that the hydrodynamic lift component alone was theoretically too small to overcome adhesion. In tangential and normal gas jet experiments, particle removal was found to be strongly affected by gas jet duration (Phrases, Smedley, and Flagen, 2000) . It has been shown that blowing particle laden air over a surface can be an effective dust removal tool. The use of dry ice snow mixed with air may be a practical application of this method for the surface of Mars. This method has been shown to remove 0.5 m dust particles from semiconductor surfaces (Hoenig, 1988) .
Thermophoresis is the use of temperature gradients to avoid dust particle sedimentation. A 50 deg K/cm temperature gradient near a heated surface causes upward air currents that prohibit gravitational sedimentation of dust on semiconductor surfaces on Earth (Hoenig, 1988) . Naturally occurring diurnal heat convection on the surface of Mars may produce a similar effect. That is, gravitational sedimentation of dust may be hindered by upward atmospheric currents during Martian daytime. Whereas, during nighttime, surface cooling and downward atmospheric currents may assist gravitational sedimentation. This suggests that covering or folding-up solar panels during nighttime may greatly reduce dust accumulation.
Conclusions
The present state of knowledge regarding Martian dust and its removal was presented. A summary of Martian dust composition, transport, deposition, adhesion, and removal was provided in a tabular format. A considerable and valuable amount of research into particulate mechanics and adhesion has been conducted by semiconductor, xerography, and pharmaceutical industries. Much of this work, such as the use of thermophoresis, electrets, and carbon dioxide ice particle laden gas, can be adapted to the mitigation of Martian dust. Crucial aspects of Martian dust science identified for further study include the mineralogical and chemical composition of Martian dust, diurnal variations in dust deposition rates, and the role of ice "bridges" in dust adhesion. Ongoing analysis of Martian dust behavior and the development of dust removal technologies is a critical part of future Mars surface mission planning. 
